The effects of alloying elements on the pitting corrosion of aluminum in an 1N-NaCl solution have been studied by using binary aluminum alloys containing different amounts of alloying elements, Fe, Si, Cu, Mg, Mn, Ni, V, Cr, B, Zr, Ti and Be.
I. Introduction
It is well known that high-purity aluminum or aluminum alloys containing Mg or Mn as a principal alloying element have excellent corrosion resistance, while low-purity aluminum and aluminum alloys containing Cu or Fe exhibit extremely poor corrosion resistance when they are immersed in an aqueous halide solution. An experimental result has also been reported that the rate of pitting dissolution of pure aluminum increased with decreasing purity of aluminum at nearly the same anodic potential more noble than the pitting potential(1). Consequently, it is thought that the electrochemical reactions in the pitting corrosion of aluminum are affected by both the kind and the amount of the alloying elements.
The purpose of the present investigation is to clarify the effects of alloying elements on the pitting corrosion of aluminum and to obtain valuable information on the development of high-resistance aluminum alloys against pitting corrosion. In the current work, anodic and cathodic polarization curves, pitting potentials, pitting dissolution currents and. densities of pits at constant potentials were therefore measured in an 1 N=NaCl solution by using binary aluminum alloys which contained different amounts of alloying elements more than about 0.01%.
II. Experimental Procedure

Specimens
Two kinds of pure aluminum and fifteen kinds of binary aluminum alloys were used as specimens. Binary alloys containing Fe, Cu, Si, Mn, or Mg in the range from 0.01 to 5wt% were prepared in our laboratory, and commercial binary aluminum mother alloys containing other elements were also used for the investigation. Chemical compositions of the specimens used are 3hr was performed on the pure aluminum. and for 24
hr on the binary alloys, after which the specimens were quenched in air to room temperature. The structures of the binary alloys observed under an optical microAl-Fe alloys: The alloys containing less than 0.068% Fe showed a homogeneous structure, but many precipitates (FeAl3) were observed in the crystal grains of the alloys containing more than 0.62% Fe.
Al-Cu alloys: The alloys containing less than 3.96% Cu showed a homogeneous structure in solid solutions. Many precipitates (CuAl2) were observed in the grain boundaries for the alloy containing 8.15% Cu.
Al-Si alloys: The alloy containing less than 0.60% Si had a homogeneous structure.
In an alloy containing 1.66% Si, precipitates. of silicon were found in the crystal grains.
Al-Mg alloys: The alloys. containing less than 4.54 % Mg showed a homogeneous structure in solid solutions.
Al-Mn alloys: The alloys containing less than 0.076 Mn had a homogeneous structure. However, many precipitates (MnAl4 or MnAls) were observed in the crystal grains for the alloys containing more than 0.53% Mn. Namely, every binary alloy which contained an alloying element of less than 0.07% showed a homogeneous structure as observed for 99.99% Al.
The specimens, except for Al-Cu alloys, were prepared by the following procedures: mechanically polished with emery papers up to No.6/0, dipped into a with distilled water, dipped into a 30% HNO3 solution at room temperature for 30sec, washed with distilled Table 1 Analytical results of specimens used (wt%).
water, and then dried with air brast. The dipping treatment in a 30% HNOB solution, however, was omitted for Al-Cu alloys in order to prevent the deposition of copper or copper compound on the alloy surface during dipping. The scum formed on the surface of the Al-Cu alloys after dipping in a 10% NaOH solution was wiped off with a piece of wet absorbent cotton. The rest of the specimen surface, excepting the exposed surface of 1cm2, was covered with paraffin solid.
Electrochemical measurements
Electrochemical polarization curves of the specimens were measured by means of a potentiostat in an 1 NNaCl solution, pH 10.0, except for the measurement of cathodic polarization curves.
The electrolytes were deaerated by bubbling purified nitrogen for more than 20 min. Under the condition of a stationary state, experiments were carried out in nitrogen atmosphere potentials were measured with reference to the saturated calomel electrode (S.C.E.). Polarization curves, pitting potentials, and pitting dissolution rates were obtained in the following ways.
Polarization curves : Currents were measured after holding the electrode potentials for 1 min at each setting potential which was obtained by changing from the corrosion potential to the positive or the negative direction at intervals of 25 mV.
Pitting potentials: Two methods were used to decide the pitting potential; one was to determine the potentials at which the pitting dissolution broke out on the anodic current-time curves measured near the pitting (2) S. Morioka, Y. Sawada and K. Sugimoto: Bull. Japan Inst.
Metals, 7 (1968), 731.
potentials (method A)(1)(2), and the other was to determine them from the anodic polarization curves (method B)(2). Pitting dissolution rates: The specimens were first held for 20 min at -1.00V to keep the same surface conditions. Immediately after setting the potential 50 mV higher than the pitting potential, the increase in current by the pitting dissolution was measured to pits exsisting on the electrode surface of 1cm2 after the pitting dissolution for 20min were counted by
Immersion corrosion test
Specimens for the corrosion tests were treated by the same procedures as used for the electrochemical measurements mentioned above.
The corrosion tests were carried out in an aqueous solution containing 5.25%
mouth bottles and two specimens of the same material were immersed in each bottle. The corrosion time was 220 hr except for Al-Cu alloys. The corrosion time for Al-Cu alloys were limited to only 1 hr because they showed an extremely large corrosion rate. The specimens corroded were washed with distilled water, wiped with a piece of absorbent cotton which contained alcohol to remove the corrosion products, dried with air brast, kept in a desiccator for 24hr and then weighed.
III. Experimental Results
Anodic polarization
Anodic polarization curves for pure aluminum and binary aluminum alloys measured in a deaerated 1 NNaCl solution (pH=10.0) are shown in Fig.1 . The corrosion potentials, pitting potentials, and anodic cur- rent densities were dependent upon the purity of pure aluminum and the kind of alloying elements. However, the effects of the alloying elements on the polarization curves cannot be evaluated from the results shown in Fig. 1 because of the difference in contents. Each anodic polarization curve of the alloys containing Fe, B, Cu, Mg, Mn and Si had a region of anodic limiting current density.
On the other hand, this region could not be recognized for the alloys containing Ni, V, Cr, Zr, Ti and Be.
The pitting potentials obtained from the anodic polarization curves shown in Fig. 1 are listed in Table 2 . Table 2 Pitting potentials of pure aluminum and binary aluminum alloys in a deaerated 1 N-NaCl solution, pH=10.0.
Pitting potentials
Although there are detailed investigations of austenitic stainless steels in regard to the changes in the pitting almost no studies°vae been carried out for aluminum alloys except a very few Works(2)(5)(6). Changes in pitting potential with the content of alloying elements of binary systems such as Al-Cu, Al-Si, Al-Mn, Al-Fe and Al-Mg alloys are shown in Fig. 2 . The pitting potentials of 99% Al and 99.99% Al are also shown in the figure for comparison. Method A was used to for most specimens at -1.00V. of an alloying element is more than 0.6%. The effects of individual elements on the pitting potential were as follows ; increasing Cu or Si as an alloying element makes the pitting potential higher (more noble) , whereas the pitting potential becomes lower (less noble) with increasing Mg content but is independent of the Fe or Mn content.
Pitting dissolution ratett
The increase in anodic current with time after the (c) for Al-Fe, Al-Cu, and Al-Mg alloys, respectively. The behavior of Al-Si alloys and Al-Mn alloys was similar to that of Al-Fe alloys. Pitting dissolution tests under anodic polarization were made at the potentials (Eset) 50mV higher than the pitting potentials for all the specimens. The rate of pitting dissolution and the shape of the current-time curve varied with the kind and the content of alloying elements. The difference in pitting dissolution rate by the kind of alloys as determined from the anodic dissolution current may be summarized as follows. Al-Fe alloys: The pitting dissolution rate of the alloys increased remarkably with increasing Fe content. The logarithm of pitting currents was proportional to that of time during the stationary pitting dissolution.
Al-Si alloys: Alloys containing less than 0.6% Si exhibited slightly larger pitting dissolution rates than 99.99% Al.
Al-Mn alloys: The content of Mn gave almost no effect on the pitting dissolution rate. Al-Cu alloys: The pitting dissolution rates decreased with increasing amount of Cu up to 3.96%. The alloy containing 8.15% Cu dissolved at a large dissolution rate in the early stage of dissolution and showed a limiting dissolution current after 5 min.
Al-Mg alloys: Effects of Mg on the pitting dissolution rate were most remarkable. The pitting dissolution rates for the alloys which containing 0.01 to 0.51% Mg increased as the amount of Mg increased. In the case of Al-4.54% Mg alloy, the dissolution current reached a maximum value after 3 min and then decreased. Pits were observed on the electrode surface of the alloys contained less than 0.51% Mg and a general attack was observed for the Al-4.54% Mg alloy after the 20-min test.
In order to compare the effects of alloying elements on the pitting dissolution rates, the relations between the time to attain the pitting current density of 300 chosen conveniently since the pitting current was clearly distinguishable from the anodic limiting current Although the dissolution current density per pit should be used to compare the effects of alloying elements on the pitting dissolution rate of specimens, it is difficult to determine the current density experimentally because the density of pits on the electrode at constant potentials increases with time, and the size and shape of the pits are dependent on alloy composition. Consequently, the pitting dissolution current over the whole electrode area was adopted as the apparent pitting dissolution rate to compare the effects. sion pits were observed on the electrode surface after the test. Figure 4 shows that the pitting dissolution rate is dependent on the kind of alloying elements but is independent of the amount if the content of an alloying element is less than 0.6%. On the other hand, the rate is remarkably dependent upon the kind and the amount of alloying elements when the alloys contain the alloying element of more than 0.6%. The .pitting dissolution rate was arranged generally in the decreasing order of Al-Mg > Al-Fe > Al-Mn > Al-Si > Al-Cu.
Number of pits
The changes in the number of pits on the electrode surface after the 20-min dissolution test are shown in Fig. 5 . The figure shows that the number of pits generally increases with increasing amount of alloying elements except the case of copper. The numbers of pits were in the following order for the alloys containing the alloying element of about 0.6%: Al-Fe > AlMg > Al-Mn > Al-Si > Al-Cu. This order agrees fairly well with the trend observed for the pitting dissolution rates.
Cathodic polarization curves
Cathodic polarization curves for platinum, pure aluminum, and binary aluminum alloys in an aerated 1 NNaCl solution, pH=5.6, are shown in Fig. 6 . A limiting current region due to the reduction of the dissolved oxygen gas according to eq.(1) and the hydrogen evolution region less noble than -0.7V according to eq. (2) were clearly distinguishable from the cathodic polarization curve for platinum.
(1) (2) Both regions were also recognized in the cathodic polarization curves for pure aluminum and binary aluminum alloys although they were not so clear as those for platinum. The cathodic current densities in the oxygen reduction region can be put in the decreasing order of Pt >Al-0.62% Fe >99% Al>Al-0.53% Cu> Al-0.60% Si>99.99% Al>Al-0.51% Mg>Al-0.53% Mn.
Immersion corrosion test
The corrosion rates of pure aluminum and binary aluminum alloys in a solution containing 5.23% NaCl and 2.98% H2O2 are given in Table 3 . The Al-0.53% Fig. 5 Relations between the content of alloying elements and the density of pits after 20 min dissolution at the potentials 50mV higher than the pitting potentials of each in a deaerated 1N-NaCl solution (pH=10.0). Fig. 6 Cathodic polarization curves for platinum, pure aluminum and binary aluminum alloys in an aerated 1N-NaCl solution, pH=5.6. Table 3 Corrosion rates of pure aluminum and binary aluminum alloys in a solution containing * weight gain Cu alloy showed the largest corrosion rate among the specimens tested. The corrosion rates of the Al-0.53 % Mn and Al-0.51% Mg alloys were nearly the same as for 99.99% Al. The order of corrosion rates was as follows: Al-0.53% Cu>Al-0.62% Fe>99% Al>Al-0.60% Si > 99.99% Al > Al-0.51% Mg > Al-0.53% Mn. This order agrees well with that of the oxygen reduction current densities of the pure aluminum metals and the binary aluminum alloys except the Al-0.53% Cu alloy.
IV. Discussion 1. The factors for determining the corrosion resistance of aluminum alloys
The pitting potentials of Al-Cu alloys become higher and the pitting dissolution rates decrease with increasing amount of Cu in the alloys. On the contrary, the pitting potentials of Al-Mg alloys become lower and the pitting dissolution rates remarkably increase with the amount of Mg in the alloys. Therefore, so far as only the anodic reaction of pitting corrosion is concerned, it is supposed that copper may be one of the useful elements and magnesium may be one of the harmful elements to improving the resistance against pitting corrosion of aluminum alloys. The results of the immersion corrosion test, however, show an inverse relation to the above expectations deduced from the results of anodic dissolution. The quantity of electricity of the anodic and the cathodic current in natural corrosion of metals are always equal and the pitting corrosion of aluminum and aluminum alloys in a neutral solution is probably controlled by the cathodic reaction. This may be supported by the fact that the order of corrosion rates of the alloys is in accordance with that of the degree of cathodic polarization.
Although two types of reactions according to eqs. (1) and (2) are likely to take place as the cathodic reactions of aluminum alloys in a neutral aerated solution of NaCl, eq. (1) should be the main cathodic reaction at the early stage of pitting corrosion in the solution. If the cathodic reaction rates are determined by the diffusion velocity of dissolved oxygen to the electrode surface from the bulk solution, the cathodic limiting currents of pure aluminum and aluminum alloys shown in Fig. 6 should be equal to that of platinum. The difference of the cathodic limiting currents by the kind of alloys is considered to result from the difference of the electronic conductivity of the surface film of each alloy. Since the electrons should transfer in the films to reduce the dissolved oxygen at the interface between the oxide film and the solution, the reduction rate of oxygen under cathodic polarization will increase as the electronic conductivity of the films becomes large.
Anthony (7) reported that the corrosion rates of several aluminum alloys in an aqueous solution of NaCl a close relation between the corrosion resistance of aluminum alloys and the electronic conductivity of their surface films. Therefore, it is thought to be effective for improving the pitting corrosion resistance of aluminum by alloying the elements which reduce the electronic conductivity of surface films. Namely, these elements should increase the cathodic polarization of aluminum alloys. The corrosion rate of Al-0.53% Cu alloy obtained from the immersion test was exclusively large as compared with other alloys. It is assumed that this is attributed to the acceleration of the cathodic reaction of corrosion reactions by the accumulation of copper compounds on the surface of alloys.
Change of pitting potential with alloying elements
The changes in pitting potential with the kind of alloying elements are thought to be due to the difference in the affinity to chloride ions of each alloying element. The standard potentials for the reactions of chloride formation between pure metals and chloride ions are given as follows. The potentials are referred to the S.C.E.
Although the above reactions do not always take place between these alloying elements and chloride ions, the order of the standard potentials of these metals is nearly the same as the order of the pitting potentials of the binary aluminum alloys containing these metal elements as shown in Table 2 . Therefore, the pitting potentials of aluminum alloys are thought to be kept less noble by alloying the elements having a large affinity to chloride ions.
V. Conclusions
The effects of alloying elements on the pitting corrosion of aluminum in an 1 N-NaC1 solution have been studied by using binary aluminum alloys with different content of alloying elements.
Twelve elements, Fe, Si, Cu, Mg, Mn, Ni, V, Cr, B, Zr, Ti, and Be, were chosen as alloying elements and the effects of the former five elements from Fe to Mn were studied in detail since they were generally contained in commercial pure aluminum.
The results obtained are summarized as follows.
(1) Changes in pitting potential by the kind and the content of alloying elements are distinctly observed for the alloys containing alloying elements more than 0.6%.
Pitting potentials of binary aluminum alloys (2) Effects of alloying elements on the pitting dissolution rate obtained at the anodic potentials transcended by the same potential difference from the pitting potentials can be arranged in accordance with the decreasing order of activity: Fe > Mg > Mn > Si > Cu. This order accords with that of the effects of alloying elements on the number of pits formed on the electrode surfaces by the anodic polarization in a given time.
(3) The cathodic polarization measured in an aerated neutral solution of NaCl is large for the aluminum alloys containing Mn, Mg or Si, but it is very small for the alloys containing Fe or Cu. The rate of pitting corrosion of aluminum alloys in the solution depends on the rate of cathodic reactions. Therefore, for increasing pitting corrosion resistance of the alloys, it is effective to add the alloying elements which serve to increase the cathodic polarization.
